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I SUMMARY

The effect of thermomechanical treatments on the grain size of HIP beryllium powder

block and cast beryllium alloys has been studied, A grain-size controlled-fracture

I mode change has been observed in both powder-source and ingot-source beryllium.

The mechanism of recrystallization in heavily deformed beryllium has been observed

to be the in situ transformation of subgrains to grains by dislocation migration from

grain interiors to grain boundaries. Beryllium which had been cold-worked and

I partly recrystallized to form some very fine grains was found to be much tougher

than either unworked material or fully recrystallized material and approached the

toughness of high-strength aluminum alloys. In upset-forged beryllium where the

texture is similar to that of hot-pressed block, strength, ductility, and toughness

were improved by partial recrystallization. The enhancement of ductility and tough-

ness are believed to be a result of grain-boundary sliding in the regions where very

fine grains occur. Transmission electron microscopy has been used to show the

I early stages of grain-boundary fracture and the grain-boundary dislocation structure

preceding fracture. This work indicates that the use of rapidly cooled beryllium

powder rather than impact ground powder would allow a further increase in ductility

and toughness.
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J Section 1

OBJECTIVE

The objective of this program was to develop an imderstanding of the fundamental flow
arid fracture mechanism in beryllium. A specific objective of this program was to

indicate how new mechanisms of flow and fracture could be utilized to overcome beryl-

lium's low toughness.

I
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Section 2

BAC KGROUND

Although modern beryllium has the highest structural efficiency of any material or

composite, its use has been restricted by low ductility and toughness. In the last

5 years, the ductility of beryllium has been dramatically increased so that 6-percent

elongation in all directions of a semicommercial, hot isostatically pressed, low oxide

(0. 57o) block can be produced routinely (Ref. 1). Still higher values of 13-percent

elongation in virtually nontextured upset forgings of the same material have been pro-

duced experimentally (Ref. 2) and recent Russian work (Ref. 3) using upset forging

of high-purity cast material has enabled three-dimensional tensile elongation of

22 percent to be obtained. For most structures, this degree of tensile elongation is

more than adequate to permit designs that can utilize the full strength of the beryllium.

g At this stage, beryllium compares favorably in its mechanical properties with other

engineering alloys in all aspects other than its resistance to impact shocks in the

presence of a stress c oncentration. This condition is simulated experimentally by

charpy impact testing which is used on this program to evaluate the effects of micro-

structural and mechanistic changes on toughness.I
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Section 3

MATERIALS

Two basic types of beryllium were used on this program:

(1) 11i-b-purity powder products formed from electrolytic flake and then hot

isostatically pressed (HIP) by Kaweeki ferylco Industries (KBI3)

(2) Vacuum-cast ingots 2- to 3-in. -diameter containing small (0. 1 -0. 5"")

addition ol titanium, vanadium, or chromium plus a high-pur-ty vacuum-

cast ingot (EFI) containing no alloying additions

Table 1

CILEMICA L COMPOSrTION OF MATERIA .,S

__C"i"IpositioflP I1M

ABloy Form Ie() Mg Si A) F .1 Ni .C' r V

F I Ingot 40 10 100 9 0- 29), N. !). N. ). N. 1). N. L).

B(e- lri Ingo! N. I). 2() 380 67 o 5 !).2 1900 1:10 40 80

Be-Cr Ingot N. 1). 10 10 o 0 ,tk 714 N. La. N. I. 1:300 N. I).

be-V Ingot N. 1). 10 400 6(0 G :( 0 1,5s o 17o :31, 5700

H P)1' 11 1Ji1) B•ock 5, 1o0 A6 90 1 35 14(6 !220 N. i). 1i5 N. 1). N. I).

1()H) 12 1fill) Block 4, ýOO 2 6 9 ( 3" H 6 22o N.- D :95 N. I). N. 1).

HO P 16 HIlP Bllock 5. 01)0 50 110 35 140 1i(o N. !i. .11 N. I). N. 1).

Io)1) 18 lloi lock 5,100 32 150 30 250 3'7;- N. 1). 26G N. 1). N. I).

1b()P "'2 1111) llh)ck 5, :o) 37 70 381 180 1SO0 N. 1). '160 N. 1). N. I).

HIP':i() 1111 f ilhck 6,7o0 41 120 35 i 280 N. 1). 1_65 N. )'. N. 1).

I ,i )) 32 fill) Block 7, mm 1 45 33 if)21,I(1 N 1). 5) N.1). N.1).

It 2I t ii3) H l hI 'k , ,(' ) :G o J 16 5 ) , N.5 t) 2 0IN,1).

N. D. Not )D1 ti rni itid.
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Section 4

EXPERIMENT 1, TECHNIQUE

All beryllium samples were canned in mild steel prior to forging extrusion or rolling

to prevent surface cracking. Upset foring was carried out at 1)33 K (1400°1F), rolling

at either 1033 K or 922 K (1200'F) and extrusion (10:1 reduction) at 894 K (1150' F).

Fractographic examination was performed by scanning electron microscopy for coarbo'

grained (> 50 gm) samples and by transmission electron microscopy of shadowed

replicas for finer-grained materials.

Direct transmission electron microscopy of the beryllium was conducted after electro-

polishing in a solution containing 82% ethylene glycol, 5%1 H20, 9% HNO 3 , 2% t 2 So 4 ,

and 2!,,V) HCL. Both conventional (1.20 kV) and high-voltage (650 kV) electron microscopes

were utilized to examine the electropolished foils.

Charpy specimens for impact testing were made with the rounded notch, 1-mm radius

and 1. 5-mm deep conventionally used with beryllium. The surface was etched before

testing to remove 0, 1 mm of potentially damaged surface material. The specimens

were tested on a 24-ft/!b impact machine.

Upset forging was conducted as described previously (Ref. 2).

4
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Section 5

RESULTS AND DISCUSSION

-5.1 GRAIN REFINEMENT BY RECRYSTALLIZATION

Grain refinement in beryllium, as in most other metals, confers property improve-

ments such as higher toughness and tensile elongation (Ref. 1) together with higher

strength (Ref. 4), but there are limitations to how far this refinement can be taken.

In powder block beryllium, the grain size is similar to that of the input powder and

any degree of grain refinement can be obtained by reducing the powder size. However,

this increases the surface area of the powder and hence the oxide level. This counter-

acts the benefits of grain refinement on toughness and ductility, and optimum properties

are observed when the grain size is approximately 10 /m. In cast beryllium where

oxide is not normally present in sufficient quantities to act as a grain refiner, it is

very difficult to produce a recrystallized grain size less than 30 pm even in sheet.

An alternative method of grain refinement investigated in this program is to use inter-

metallic compounds of titanium, vanadium, and chromium to act as grain refirners in

cast and wrought beryllium.

Two types of thermomechanical treatment were conducted to determine which was

most effective in producing grain refinement. In the first type, the beryllium was de-

formed about 20 percent and fully recrystallized at the minimum temperature at which

this could be accomplished. The recrystallized material was then rolled to about

40 percent and recrystallized again. This process was repeated for 90- and 96-percent

reductions. The grain size was reduced ateach step as shown in Fig. I for high-

purity beryllium (EFI) and Fig. 2 for the 0. 19-percent Ti alloy.

The initial "ae-cast" grain size was taken as the dendrite width which is about ten

times smaller than the average dendrite length in both cases.

5
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DENDRITE WID1H HIGH-PURITY CAST BERYLLIUM (EFI)
AS .-CAST ROLLED WITH RECRYSTALLIZATION

1000L AT THE STAGES INDICATED

.... 1255 K 30 MIN •
E

I-.

"Uj I HRU 0S1172 Kj 01255 K 1 HR

I --
Z_ 2 HR i

0100-I 1144 K I HR
Z 01089 K 1 HR
-Jjj 103KIH

911 K
20 HR

10 I I I I _
0 20 40 60 8o 100

PERCENT REDUCTION

Fig. 1 Effect of Degree of Rolling Reduction on the Grain Size of High-. Purity
Cast Beryllium (EFI) Roiled With Intermediate Recrystallization Anneals
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1000
CAST BERYLLIUM CONTAINING 0. 19% Ti
ROLLED WITH RECRYSTALLIZATION AT THE
STAGES INDICATED

DENDRITE
E WIDTH

AS-CAST
ANNEALED

uu1255 K, 30 MIN
I-. 1089 K

z 100 1 HR 0
S~1225 K

1 HRI 01255 K I HR
-- . 1089 K I H R- 81033 K I HIR

:1 z
ujL

911 K 20 HR

10- I
0 20 40 60 80 100

PERCENT REDUCTION

Fig. 2 Effect of Degree of Rollintg Redtuction! •rn the Grain Size of Cast Berlliun
Containing 0. 13;,, Cr Rolled With Intermediate tlecrystallizing Anneals
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•. the second type of thermomechanical process, the specimens were rolled 90 or

96 percent before recrystallization anneals were performed. These results are shown

in Figs. 3 and 4 for EFI and 0.19•Xj Ti, respectively. A comparison of the two •srpes of

thermomechanical treatments shows that the direct reduction wi•.out interstage anneals

is more effective for both materials in producing grain refinement. This result follows

from an examination of the recrystal]ization mechanism as will be discussed below.

The 0.19% Ti addition can be seen to produce grain •'efinement in both processes and

also produces some refinement of the as-cast dendrite size.

Recrysmllized grain sizes after upset forging and rolling are shown in Figs. 5 and 6 for

EFI and a 0. 137/• Cr alloy. There appears to be no particular advantage to any particu-

lar temperature in terms of grain size, but annealing temperatures above 950 K pro-

duce fully recrystallized structures in less than 72 hr.

A more detailed study of the recrystallization of EFI and Be-0.13% Cr was conducted

at 977 K (Fig. 7). The recrystallized grain size was measured in both alloys in the

early stages of recrystallization when the structure was only partially recrysmllized.

Recrystallization is obviously retarded in the chromium alloy, probably by the in•r-

metal lic compounds.

In this ahoy, grain growth is continuing in the recrystallized areas even though further

nucleation of recrystallizeo grains is inhibited. The optical microstructure ol EFI and

Be 0.13'/•, Cr after 5 rain at 977 K is shown in Figs. 8 and 9, respectively. In both

mamrials faint, ghostly :'grains" can be seen inside what appears to be large unrecrystal-

lized areas. These are actually subgrains in the process of transforming to grains.

This process As revealed in more detail by transmission electron microscopy.

The subgrain structure of EFI in the vicinity of an origimal grain boundary after roll•g

95 percent and annealing for 1 min at 977 K is shown in Fig. 10. Most of the subgrains

have poorly defined boundarie• and a high density of dislocations in the subgrain interiors.

A few of the subgraL-m, such as those at A on the original grain boundary, have low

•i LOCKHEED F'ALO ALTO RESEA•'CH LABORATORY
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DENDRITE WIDTH
AS -CASTr

1000 HIGH PURITY BERYLLIUM (EFI),
ROLLED DIRECTLY TO THE INDICATED
REDUCTION BEFORE RECRYSTALLIZATION

E

:L

Uj
LU
I-
Zi1O0
Z 1033 Ks

I HR

91K 16HFR

I you0K 16 HR
z ~939 K

2OH ~ 950 K I HR

922 K j
1. 5 HR

922 K I HIR
10

0 20 40 60 80 100
PERCENT REDUCTION

Fig. 3 Effect of Degree of Rolling Reduction on the Grain Size of High-PurityI ~Cast Beryllium (E FI) Rolled Without Intermediate Recrystall izinig
Anneals
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1 ~1000 -

CAST BERYLLIUM CONTAINING 0. 19% Ti,
ROLLED DIRECTLY TO THE INDICATED
REDUCTION BEFORE RECRYSTALLIZATIONI

DENDRITE WIDTH
AS -CAST

E

LUI LU
I,- 100

Z 1033K IHR3. 939 K 20 HR

I 951 K16 HR
S922K 1.5 HR

0950K 
IHR

1 922K IHR
5 •I I I I I

0 20 40 60 80 100
PERCENT REDUCTION

Fig. 4 Effect of Degree of Rolling Reduction on the Grain Size of Cast Beryllium
Containing 0. 191 T1 Rolled Without Intermediate Recrystallizing Anneals
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dislocation densities and may appear in polarized light to be the ghostly recrystallized

grains described above for Figs. 8 and 9. In other areas of the same sample, the re-

crystallization process has progressed furthe:" as shown for grain A in Fig. 11 where

the grain interior is dislocation-free and the boundaries are sharply defined. This

grain would appear in polarized light to be fully recrystallized. A still later stage of

recrystallization is shown in Fig. 12 which shows the Be 0. 13% Cr alloy after 90-percent

reduction ant an anneal of 6 min at 977 K. This area shows a boundary between unre-

crystallized subgrains and fully recrystallized grains with low dislocation densities and

high-angle boundaries, The particle at A is a beryllium-chromium intermetallic with

an associated defc;rmation void. With continued annealing, the unrecrystallized sub-

grains in all the cast alloys are seen to transform gradually to recrystallized grains of

tho same size, although there is no definite point at which a grain can be said to be re.-

crystallized by microscopic observation. However, there is a sharp transition in frac-

ture mode during annealing wlt`h can be used to define the point at which the conversion

from subgrain to grain is complete.

It follows from the above observation indicating the mechanisn) of rec rystallization to

be by subgrain transformation that the finest recrystallized grain size will result ro)m

the finest sul)grain size. ['his sutlgrain size is found in most metals to be inversely

I)ffo)()rtiOnal to the amount of cold work. This explain3 why in the two thermo)mechanical

processes described above the finest grain size was pr)duced when internmediate re-

,.rystallization stel)s, which woUld have r'educed the total am,)wlt of Cold work, were

aV()ide(d. If the recryVstallization mechanism had been Ib)y the gr(,wth ,,t gra n-I)ounda ry

nuclei, then the gradual grain refinenlent pr(duc lic ey the inte rmeld iate recry statliization

St lc) iln the second process would have produced the finer grain si:,e

5. ! ,{AC'1't I,: M DI)I' TRANSITI()N

The norimal fracture mode in I)oth I pOwer-souree and ingot-source heryllium is cleavage.

Si)w 'vr'(i, whenll Ohe g r;iin si. it i '(1ceýd IRe hA W a ce('v iitn critical value characteristic ()f

lic'h c(Ollp()siti( )l and IllethO(i 1)f l)anllUfacCtrll'e, thte frla:cture im alle, ) iH bY grain-b)(iinda 'y

,•|ar':tt .n. llPrcvio s wo)rk (Het. I!) has in(dicated grain-houndary sliding (#ccu[s [itohr to
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I
J fracture, and this additional slip mechanism may be responsible for the improved tough-

ness and ductility of the fine-grained materials. The two fracture modes can be seen in

Fig. 13 which shows the fracture surface of EFI after rolling 96 percent and partially

recrystallizing for 5 min at 977 K. The unrecrystallized area, t,,pified by A, shows

cleavage with only minor perturbations in the fracture path across subgrain boundaries.

The recrystallized areas, such as B, have grains which are about the same size as the

subgrains but where fracture is completely intercrystalline. Similar fracture mode

transitions are observed in partly recrystallized powder products (Figs. 14-17),but the

transition is at finer-grain sizes than for cast and wrought products.

In Fig. 14, an isolated grain in a Be-O 19'Y% Ti alloy has fractured in an intergranular

manner while the surrounding grain fracture by cleavage. Figure 15 shows a mixture

of intergranular fracture and cleavage :racture in a HIP powder product. BeO particles

can be seen in the grain-boundary fracture surfaces. It should be noted that these frac-

ture characteristics are easily seen in powder products using transmission electron

microscopy of carbon replicas as shown in Figs. 14 through 17, but are very difficult

j to resolve with the lower contrast and resolution of the more commonly used scanning

electron microscope. Figure 16 shows the fracture of a high-purity HIP powder product

aifter upset forging, rolling, and partly recrystallizing. The fracture is mainly cleavage,

but some areas of very fine intergranular fracture can be seen at A. Figure 17 shows

an intergranular fracture area in this material at higher magnification

The fracture mode transition temperature for high-purity ingot-source beryllium (EFI)

after upset forging and annealing at two difierent temperatures i3 shown in Fig. 18.

All grains under 35-pm diameter fract'ire intergranulariy. The largest grahu sLze that

fractures along the grain boundaries varies from 100 pin in the ;ample annealed at 1061 K

to 400 pm in the sample annealed at 1116 K. This indicates that at the lowar annealing

temperature some excess dislocations remain inside the larger grains and encourage

cleavage fracture. A ulmilar fracture mode transition Is seen when EFI, which hac been

reduced 96 percent by warm rolling, is annealod at 997 K, 1089 K, and 1172 K (Fig. 19).

The main difference between the fracture of the relatively untextured upset-forged

material and the highly textured rolled materiel Is that the grain size at which all frac-

ture is lntergranular is displaced from 25 pm to 4 pm by the textur"e.
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I
j It was expected that an increase in the temperature of fracture above room temperature

would significantly increase the tendency of the beryllium to fracture in an intergranular

manner and also increase the grain size at which intergranular fracture occurred. A

small increase in the latter parameter was observed in EFI (Fig. 20); however, in powder-

source materials which have only about 10-percent intergranular fracture after cold work

and recrystallization, no significant increase in the amount of intergranular fracture was

observed up to 533 K, although the observed intergranular fracture became better defined

at the higher temperature.

Fracture mode transitions for high-purity, HIP, powder-source beryllium are shown in

Figs. 21-23. These materials show comp.etelv intergranular fracture for grain sizes

below about 1-pm diameter. Intergranular fracture at the larger grain sizes seems to

be only in areas where little or no oxide particles occur, i.e., when rccrystallized

grains form inside the original beryllium powder particle bounlaries. This is particu-

larly true in the case of unworked HIP material where the amount of intergranular frac-

ture is negligible and is seen only when multiple grains form inside a single powder

particle and do not have oxide particles along their boundaries. These isolated regions,

therefore, behave like ingot source and favor grain-boundary fracture.

5.3 MICROSTRUCTURAL OBSERVATIO)NS OF THE INITIAL STAGES OF FRACTURE

The above results have shown that fine-grain materials fracture prcidominirntly along

the grain boundaries. Previous work (Ref 2) on polished samples has indicated that

grain-boundary sliding precedes and is probably responsible for intergranular fracture.

However, to examine the inicrostructural events leading to grain-.botudary fracture,

recrystallized and partly recrystallJzed samples were deformed by cold-rolling at

room temperature and examined by transmission electron microscopy. Specimens

were examined ir, the areas containing the finest recrystallized grains for evidence of

grain-boundary sliding or local deformation in boundary regions that could Lead to

grain-boundary fracture. The type of structure formed in a partly recrystallized ingot-
source Be 0. 191, Ti alloy after 15-perceii, reduction by rofling at room temperature

is shown in Fig. 24.
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Beforte deformation, this area contained very fine (- 3 pmo) recrystallized grains of low-

dislocation density. Deformation has produced a fairly uniform network of dislocations

throughout the grains. A small (1-pm-long) crack has Lormed at a triple junction A and

a t~aagle of dislocations at another triple-junction 2 may be evidence of the accommoda-

tion of grain-boundary sliding, along one of the boundaries forming that junction and could

be the precursor to fracture at that point.

Figure 25 shows the dislocation structure of a powdei-source berylhium sample which

has seen upset-forged, rolled to a 75-percent reduction at 922 K, and then partly re-

crystallized at 977 K. The structure consists oi a mixture of fine recrystallized grains

in areas of low-oxide particle concentrations and even finer subgrains in areas of high-

oxide concentrations. It should be noted that the central regions of both grains and sub-

grains are relatively free of dislocations. When a similar sample is deformed 10 percent

at room temperature by rolling to simulate flow and fracture during tensile and impact

testing, a high density of dislocations (Fig. 26) are produced in localized areas mainly

around the boundaries of grains or subgrains formed during annealing. This concentra-

tion of dislocations along the grain boundaries is even more apparent in the thicker

regions of the foi (Fig. 27) revealed by the 650-Kv microscope. These dislocation con-

cerntrntior-s in grain-boundary areas are thought to indicate that plastic flow is occurring

preferentially in these regions, probably by grain-boundary sliding leading to grain-

boundary fracture. Two examples of grain-boundary fracture in the very early stager

are shown in Fig. 28. At A , a grain-boundary crack 0. 025 pm wide and 0. 5 lim long

can be seen with difficulty. A larger crack at B can be seen to lie near a grain-boundary

triple ,ur.ction. .Deforme.tion voids 0. 01 pm wide can be seen on oxide particles at A.

The orientation of these voids can be used to determine the stross axis since in compres-

swon the voids are at particle-matrix interfaces at right angles to the compression axis

(Ref. 5). The latter determined in this manner is shown in Fig. 28, amd it can be seen

'hat at leas" one branch of each grain-boundary crack and, in some cases, the heaviest

grain-bound-ry dislocation tangles arc: on boundaries at approximately 45 deg to the

stress axis along the lines of maximum shear stress. ThiB in consistert with the idea

thiat grain-boundary sliding is occurring and Il the precursor to the observed grain-

boundary fractures An indication of the fracture process in coarser,-'grained materia)
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PN

Fig. 27 Iligh--Vo!tage (650 kV) Electron Transmission Micrograph (o a lielativelv l'hick
toil of' 1101) 32, 0. 7 :1 Be(), Upset-Forged and Rloiled 75 ,t '92 K, lPartially
Rlecrystdllized at 977 K o)r 5 min and Then Reduced 10'' at 'looml Tolen)era-
ture. A. heavy concentration of disiv ation tangles along sonic grain blJ()L1ldAiCs
can be seen. Magnification 75,1000'0
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Fig. 2~ 8Transm-ission IElectron Micrograph of B~OP :i:-, 7''j Be(), Upset - Forged -.nd Rolled

75"/, at 922 K, Partially Rlecrystallized 977 K I fit-, and D~eformed by Rolling;, i tv at
Rloom Temperature. A sinall graini--b(undary crack is visible at A, togethier with
somen faintly visible deformation voids on Be() particles which define the compression
axis. A Larger grain-boundary crack is visible at 13. The cracks and] many oft the
ioui~daries with a high density of dislocation tangles are a11I)lro~xinlately at 4b) to the
compression axis, i.eC. , aloing the lines ('I1 maximium shear stress. r'VIagnifmc"tiorm
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is shown in Fig. 29. This shows a fully recrystallized (grain size 40 pm) high-purity

ingot-source material (EFI) after 14-percent cold reduction at room temperature.

After a certain amount of plastic flow within the grains, a sharp grain-boundary crack

has been nucleated, which then initiated a second crack, this time on a cleavage plane

within the grain. It can be seen from Fig. 19 that a 40-pmr grain size in EFI fractures

in both an intergranular and a transgranular manner.

5.4 IMPACT RESISTANCE

The impact resistance of as-cast berylliam and dilute beryllium alloys is about 0. 7 J.

This can be increased about 40% by extrusion at 1033 K and partial recrystallization

at 977 K (Fig. 30). However, if the extrusion is then rolled below its recrystalliza-

tion temperature, the impact resistance can be increased to 2.4 J.

Similar results are seen when powder metallurgy extrusions are annealed (Figs. 31 and

32). After ext .sion at 894 K, annealing is required to develop maximum toughness as

shown for BOP 18, while after extrusion at 1089 K sufficient annealing occurs during ex-

trusion to produce maximum toughness in the extruded condition. The effect of beryl-

lium oxide content on the development of maximum toughness during annealing is shown

in Fig. 32. As would be expected, the higher oxide material requires higher tempera-

tures, and its peak toughness is less.

The effect of upset forging prior to rolling at 922 K produces a beneficial tffect oa the

impact strength after annealing as shown in Fig. 33. This is presumably due tu the

greater anisotropy of the deformation and subsequent recrystallization when prior upset

forging is used.

The impact transition temperature of a partially recrystallized powder-source beryl-

lium extrusion, BOP 18, is shown in Fig. 34 to be about 200 K. The impact transition

range of commercially produced cross-rolled sheet is shown for comparison. The

commercial sheet has a poorly defined transition temperature which would appear to

be about 600 K. The transition temperature in hcp metals, including beryllium, has
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been predicted by A rmstrong (Ref. 7) to be proportional to the square root of the grain

I size. Armstrong shows that it the data of previous investigators who determined tranh--

ition temperature from ductility rather than toughness measurements are plotted in this

J way, the data extrapolate to a transition temperature of 200 K for very fine-grain sizes.

The impact data plotted against d 1/ (Fig. 3,5) break down into three regions which are

differentiated by the amount of dispersoid present. The higher the volume I mriction of

dispersoid, the lower the impact energy at a given grain size. The volume hara' of

intergranular fracture of each sample is also indicated in Fig. 35, and this value will

be used below to estimate the impact resistance ,I fully inl:ergran-alar fracture at each

grain size.

5.5 TLNSILE PROPERTIES

Tensile testing of textured beryllium products can give misleading results since the

strain-to-failure unlike toughness is extremely orientation-dependent, with the maximum

tensile elongation being in the direction of maximum plastic flow during hot working.

For this reason, tersile testing of extrusions was not performed, but an upset forging

of a low-oxide, HIP block was made and tested in tension after variounk aanealijng- treat-

ments. The forging was upset six times in twi directions with the third dijiiension re-

maining unchanged. Since there was zero metal 11ow in thia third direetiun, it s~houl,

be the direction in which tensile elongation is a minimum, an6 the tensile teists were

carried out in this orientation. it has been demonstrated previously (.Ref' 2,4 that, the

texture develope, by upset ferging is less than that normally found in a conventionmt hot-

pressed block and that dhe variation in tensile elongation in an upset forging its 01bout the

same as that in the original billet. It has tns,ý been shown (ReL 2) that the ten•,le

elongation and henri angle of a casting forged ii) only two directions is not greatly depen-

dent on testing direction and is expected to have about the same texture as a billet forged

in three directions.

The mechanical properties of the upset forging are shown In Fig. 36. Compartd to the

''as-fill "! p roperti es, there is an increase, in strength tenfile #.lorlgntti.n, aJnd '111pact

toughness. Th•e peak ductility and' strength occur afteer aniealing, at ]2?00 K, bui the
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hinpact toughness is still increasing at the maximum annealing temperature tested

(1300 K).

5. 6 DISCUSSION

The above results indicate that when th,• grain size of beryllium is reduced below a

certain value, the fracture mode changes fromt cleavage to intergranular. This trans-

ition is inhibited by dispersed particles such as BeO which occur in powder metallurgy

products so that the transition is displaced to finer-grain sizes. It appears from

previous work that even at room temperature grain-boundary sliding precedes inter-

granular fracture and that this additional slip mechanism allows beryllium to satisfy

the Tayloc-Von Mises criterion for homogeneous plastic flow which requires the oper-

ation of five independent slip systems. However, it is apparent that the change of

fracture mechanism alone is only one of the factors contributing to toughneas, since

continued grain refinement of material that fractures in an intergranular manner pro-

duces significant increases in toughness (Fig. 35). Microstructural evidence indicates

that in the toughest materials tested, th.ere is considerable localized flow in grain-

boundary regions before fracture occurs. It is logical to assume, thcrefore, that the

beneficial effect of grain refinement is a result of the enhanced amount of grain-boundary

flow or sliding that can occur before fracture is initiated.

Most of the materials exanmi-ed in this work were only partially recrystallized or in ad-

i vanced stages of recovery, and therefore were fractured only partially in an intergranu-

lar manner. However, it is possible to estimate what the toughness of materials frac-

turing iA a completely intergranular manner at. various grain sizes would be if two as-

sumption8 can be made. The first is that grain refinement has little effect on toughness

if the specimen fractures by cleavage. For example, a high-purity castit)g with grains

10,000 Jim long has the same toughness (0,6b J) when the grain size is reduced to 200 Jim

by upset forging (Ref. 2). It is only when the grain size is further refined and the frac-

ture becomes intergranular that the toughness inwreasos urther support for this view

is provided by L,•ryllium block-tested A-n the as-pressed condition, where oxide particles

S. are present on almost a!l grai.a boundaries and tb.e fracture is over 9i,-percent cleavage.
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I
These powder-source materials have about the same impact toughness as coarse-

3 grained cast beryllium even though they have a grain size of only 10 Pam.

If the effect of grain refinement on the toughness of beryllium that fractures by cleavage

is negligible and a constant value of 0. 68 J can be assumed, then the improvements in

toughness illustrated in Fig. 34 are a result of the small volume of fine grains that

fracture intergranularly. Since this volume fraction and its grain size are known, it

is possible to calculate what the toughness would be at each grain size if the sample

Sfractured with a 100-percent intergranular fracture. For example, the sample BOP 32

(upset-forged, rolled 75 percent and annealed at 977 K for 10 min) has a measured im-

fpact value of 5.95 J (4.46 ft/lb). Since the fracture is 90-percent cleavage and 10-

percent intergranular, the contribution of the component that fractures by cleavage

will be 0.9 x 0.68 = 0.61 J. The remaining impact resistance contributed by the

material that fractures intergranularly will 3e 5. 95-0. 61 = 5. 34 J. Since, in this

case, this is only 10 percent of the total sample, if the entire sample fractured inter-

granularly at the same grain size, its toughness should be 63.4 J. This calculation

has been carried out for the data shown ir. Fig. 34 and is shown in Fig. 37. It can be

I seen that the projected impact values are considerably hig] er than high-strength alum-

inum alloys such as Al 7075 and at a grain size of 1 j.m approach the toughness of pure

aluminum,

The next questior. is, flow can a uniform fine-grain size of 1 Pm be achieved in beryl-

lium without tihe high-ox!de content formed when conventional powder metallurgy pro-

cesses are used? One answer is that it can be done by the very rapid cooling of beryl-

liumn powder from tie liquid state and consolidating it by techniques that do not allow

•,-ra•n growth. It is hoped that a program along these lines can be initiated in the near

future.
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Section 6

CONC LUSIONS

(1) The impact toughness of high-purity, low-oxide, powder-source beryllium can be

increased by thermomechanizal treatments to a level not far below that of Al 7075-T6.

(2) Optimum toughness occurs when the microstructure consists of very fine (< 4 Am)

recrystallized grains or subgrains which are on the threshold of recrystallizing in

situ, and which fracture intergranularly.

(3) There is a grain-size controlled fracture mode change in both power-source and

ingot-source beryllium. The change is ,]isplaced to finer grain sizes by oxide

particles and texture.

(4) There is potential for a considerable further improvermnt in the toughness of beryl-

lium by the use of rapidly cooled powders.

(5) To produce the finest grain size in beryllium for a given total reduction, a thermo--

mechanical process should avoid any recrystallization before the final annealing

treatment.

(6) RecrystallIzation in heavily deformed beryllium occurs by the in situ transforma-

tion of subgrains to grains by the dislocation migration from grain interiors to

grain boundaries.

(7) Upset forging followed by annealing can produce increases in strength, ductility,

and toughness.
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